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DEVELOPMENT  OF  SUPERIOR  DENITROGENATION 
AND  ISOMERIZATION  CATALYSTS  FOR  PROCESSING 
CRUDE  OIL  DERIVED  FROM  SHALE.  PART  I 

INTRODUCTION 

This  study  was  undertaken  and  continues  primarily 
because  of  the  following  well-known  facts: 

1.  The  domestic  supply  of  easily  processed  light 
petroleum  crude  oils  is  insufficient  to  meet  the  needs  of 
the  United  States. 

2.  Foreign  sources  of  fuel  are  undependable  for 
both  political  and  logistic  reasons. 

3.  Shale  oil  is  abundant  in  the  United  States  and 
offers  the  best  opportunity  of  augmenting  the  inadequate 
domestic  petroleum  supply. 

4.  Shale  oil  is  unusually  high  in  nitrogen  and  sulfur 
content  and  these  catalyst  poisons  and  atmospheric  pollutants 
cannot  be  removed  by  existing  processes,  which  are  successfully 
applied  commercially  to  light  petroleum  crude. 

5.  New  catalysts  and  processes  must  be  developed  to 
successfully  process  crude  shale  oil. 

It  is  the  thrust  of  the  work  performed  in  Part  I  of 
this  project  to  initiate  the  program.  This  involved  the 
review  of  literature  as  shown  in  the  appended  literature  and 
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patent  references,  meetings  with  people  who  are  knowledge¬ 
able  in  both  the  analytical  and  process  phases  of  hydrode- 
nitrogenation,  obtaining  as  complete  information  as  possible 
about  the  products  from  various  shale  oil  recovery  processes 
and  finally  dove-tailing  this  work  with  denitrogenation 
mechanism  studies  being  concluded  concomitantly  on  model 
compounds  by  Center  personnel  on  a  DOE  project. 

It  should  be  emphasized  at  this  time  that  the  first 
six  months 1  effort  supported  on  Part  I  was  basically  the 
initiation  of  the  project  but  that  this  work  paved  the  way  for 
the  achievements  under  Part  II  currently  under  way.  Part  II 
results  will  be  reported  in  about  three  months,  but  it  can 
presently  be  said  that  superior  catalysts  have  been  devised  and 
the  prospects  are  bright  for  still  further  major  improvements. 

As  a  consequence  of  the  fact  that  Part  I  involved 
primarily  the  initiation  of  the  study,  this  "final  report" 
will  be  brief  but  the  "final  report"  due  for  Part  II  in  a  few 
months  is  expected  to  contain  a  substantial  amount  of 
important  new  information. 

Background  to  the  Development  of  a  Superior 
Hydrodenitrogenation  Catalyst- 

Much  work  related  to  the  objective  of  the  project  has 
been  performed  here  at  the  Center  under  other  projects  and 
naturally  becomes  a  valuable  background  for  this  project.  In 
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the  interest  of  conciseness,  this  information  is  reviewed 
and  placed  in  an  appendix  hereto  but  becomes  an  important 
part  of  the  reference  material  for  the  current  project. 

It  is  thus  made  available  for  those  interested  therein. 


ACCOMPLISHMENTS  UNDER  PART  I  OF  THIS  PROJECT 

The  accomplishments  in  Part  I  have  been  primarily  the 
setting  of  the  stage  for  the  studies  to  follow.  These  relate 
to  the  following  in  order  of  time  and  money  involved. 


Analytical 


First  was  the  derivation  of  rapid  and  accurate  methods 
and  facilities  for  the  analysis  of  crude  and  fractionated  shale 
oil.  Heretofore  analyses  have  been  made  either  by  the  gas 
chromatographic  technique  or  by  the  Kjeldahl  wet  method.  The 
former  is  not  applicable  to  the  complex,  partially  non-volatile 
nitrogen  compounds  whereas  the  latter,  while  accurate,  is  time 
consuming  and  requires  space  and  special  facilities. 
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were  agreed  to  and  the  equipment  was  purchased  on  a  condi¬ 
tional  basis.  The  principle  involved  was  total  combustion 
of  the  sample  to  form  N0X  and  the  subsequent  oxidation  of  the 
N0X  to  NO2  with  ozone.  The  NO2  was  passed  through  a  flame 
and  a  detector  measured  luminescence  induced  by  the  N02. 

It  was  necessary  to  make  adjustments  in  the  ozonator 
but  when  the  proper  oxygen  flow  had  been  derived  and  the 
ozonator  adjusted,  analyses  have  been  rapid  and  have  been 
reproducible;  analysis  by  other  means  in  other  laboratories 
have  corroborated  the  results. 

Analyses  for  sulfur  are  also  made  with  the  same  total 
combustion  facilities.  The  sulfur  is  oxidized  to  SO2  which 
is  quanitized  in  a  suitably  calibrated  chromatograph. 

The  analyses  are  now  possible  on  a  routine  basis  and 
make  it  possible  to  have  a  three-day  cycle  for  making  the  test 
and  analyzing  the  products.  Catalyst  preparation  is  done 
separately  by  another  person  (graduate  student)  assigned  to 
the  effort. 

Obtaining  Samples  of  Crude  Shale  Oils 

Samples  of  crude  shale  oil  were  obtained  from  Suntech 
who  had  the  three  types:  Paraho,  Occidental,  Technetics 
with  the  complete  analyses  as  tabulated  below: 


Ramsbottom 

No. 

Avg. 

Mol. 

Wt. 

C 

% 

_H2 

S 

II 

Paraho 

2.5 

326 

84.3 

11.29 

0.66 

2.18 

Technetics 

— 

84.5 

11.69 

0.48 

1.66 

Occidental 

— 

85.95 

12.26 

0.91 

1.16 

ppm 

Cont 

0?,  % 

As 

Te 

Paraho 

1.16 

28 

70 

Technetics 

1.75 

20 

60 

Occidental 

1.0 

— 

— 

These  are  currently  being  investigated  for  detoxifi¬ 
cation  but  data  will  be  reported  at  the  conclusion  of  Part  II. 
The  samples  are  being  maintained  in  a  sealed  bottle  and 
opening  and  exposure  to  oxygen  is  minimized. 


Hydrodeni trogenation,  Hydrodesulfurization  and 
Isomerization  Facilities  ~ 

These  stirred  autoclaves  were  made  available  from 
related  work  on  a  related  project  sponsored  by  the  Department 
of  Energy.  These  facilities  are  being  used  for  both  projects 
and  have  served  very  well.  A  word  of  caution  should  be  given 
however,  in  that  as  these  facilities  age,  problems  relating 
to  tight  seals  and  closures  increase.  As  a  consequence,  the 
maintenance  costs  are  increasing  but  not  to  the  extent 
necessary  to  justify  new  facilities. 


The  facilities  consist  of  two  high-pressure  agitated 
autoclaves  built  by  Autoclave  Engineers  but  designed  or 
specified  by  Center  personnel.  The  facilities  are  capable 
of  operating  at  pressures  to  2500  psi  and  at  temperatures  to 
450°C.  It  should  be  noted  parenthetically  that  the  majority 
of  our  runs  are  being  made  at  500-1000  psi  and  350°C  but  some 
later  runs  made  under  more  severe  conditions  and  with  the  more 
refractory  shale  oils  indicate  that  these  more  severe  condi¬ 
tions  may  be  required  or  desired  even  with  the  more  effective 
catalysts.  Although  our  objective  is  to  derive  catalysts 
which  are  responsive  under  mild  conditions,  the  overall 
objective  will  be  to  attain  optimum  efficiency  cost-wise. 

A  test  is  made  by  charging  the  shale  oil  dissolved  in 
hexadecane  to  the  autoclave  with  the  catalyst  suspended  as  a 
slurry  in  this  solution.  Temperature  and  pressure  are 
increased  to  the  selected  operating  conditions  and  are  main¬ 
tained  for  the  duration  of  the  test.  Samples  are  withdrawn 
periodically  for  analyses.  The  draw-off  line  is  flushed  so 
that  the  sample  taken  is  representative  of  the  slurry  in  the 
autoclave.  When  appropriate,  samples  can  also  be  taken  from 
the  vapor  space  to  analyze  for  volatiles  such  as  ammonia, 
hydrogen  sulfide,  arsine  or  other  components  suspected  as 
being  present. 

The  equipment  is  thoroughly  cleaned  between  runs  to 
prevent  contamination  and  possible  poisoning  of  subsequent 
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runs.  It  is  noteworthy  that  there  appears  to  be  some  severe 
poison  in  the  crude  shale  oils  which  have  a  very  adverse 
effect  on  the  hydrodenitrogenation  reaction.  This  component 
"X"  is  unknown  but  could  be  one  of  many  things  such  as  arsenic, 
alkali,  blinding  solid  or  tar.  This  problem  is  to  be  elucidated 
in  Parts  II  and  III  of  this  project. 


UTILIZING  BACKGROUND  INFORMATION  DERIVED  FROM  COMPANION 
PROJECT  ANALYZING  DENITROGENATION  ROUTES  OF  SPECIFIC 
MODEL  COMPOUNDS 

Background  to  a  Program  for  Development  of  a 
Superior  HDN  Catalyst 

The  Structures  as  the  Active  Site  and  the  Mechanisms 
of  Action  of  Sulfided  Molybdic  Catalysts  for  HDN 

Evidence  of  both  physical  (x-ray  photoelectron 

spectroscopy)  and  chemical  nature  has  accumulated  during  the 

past  three  years  showing  that  there  are  two  fundamental 

molybdenum-containing  structures  present  in  a  sulfided 

molybdic  oxide  catalyst  and  these  structures  are  readily 

interconverted  in  high  pressures  of  H2S.  This  equilibrium 

may  be  expressed  by  equation  (1) ,  where  the  symbol  0  is 

used  to  designate  an  anionic  vacancy. 


»  -  J 
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Detailed  study  of  the  reaction  network  for  HDN  of 
quinoline  has  yielded  a  number  of  valuable  conclusions.  One 
of  the  most  significant  among  these  holds  that  hydrogenation 
and  hydrogenolysis  steps  in  the  network  case  often  occur  in 
quick  succession  on  what  appears  to  be  a  single  active  site. 
Observations  of  this  nature  have  led  to  the  conclusion  that 
the  active  site  is  capable  of  playing  both  roles — hydrogenation 
and  hydrogenolysis  agent — subject  to  the  activity  of  other 
reagents  in  the  medium  such  as  H2  and  I^S.  In  this  way  we 
have  come  to  recognize  that  the  structure  2  functions  in  a 
hydrogenation  role,  a  conclusion  for  which  there  is  much 
support  in  the  literature  on  molybdic  centered  catalysts  such 
as  the  enzyme  nitrogenase.  The  structure  1  has  long  been 
implicated  as  one  which  is  involved  with  hydrogenolysis  activity 
although  there  has  been  some  dispute  as  to  how  this  is  effected. 

One  of  the  most  significant  conclusions  we  have  reached 
in  our  studies  of  the  quinoline  network  is  that  the  HDN 
reaction  of  an  heteroaromatic  or  aromatic  amine  requires  a 
preliminary  hydrogenation  of  the  aromatic  ring.  It  is  only 
the  hydroaromatic,  alicyclic  or  aliphatic  amines  which  can 
suffer  C-N  bond  breaking  in  the  subsequent  hydrogenolysis  step. 
The  hydrogenation  step  appears  to  occur  on  the  active  site  via 
the  mechanistic  steps  depicted  in  equation  (2) . 


A.*11 
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The  hydrogeno lysis  reaction  is  proposed  to  be  a 
6-elimination  (E-2,  Hofmann)  brought  about  by  the  ability  of 
the  catalyst  to  coordinate  the  unshared  pair  on  the  nitrogen 
of  the  amine.  There  are  two  courses  that  could  be  followed 
depending  on  whether  we  are  dealing  with  a  nitrogen-bearing 
a  hydrogen  substituent  or  a  tertiary  amine  nitrogen.  In  both 
these  possible  reactions  an  oxidative  addition  (1,1  insertion) 
of  the  electron  rich  molybdenum  into  the  C-N  bond  occurs.  Equation 
(3)  illustrates  the  mechanistic  course  of  hydrogenolysis  with 
hydroaromatic  and  aliphatic  amines  involving  oxidative 
addition  to  the  N-H  bond.  Equation  (4)  provides  a  similar 
mechanistic  scheme  for  hydrogenolysis  via  oxidative  addition 


to  the  C-N  bond. 
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Direct  1,1  IZnserf/on  C-N  So/td 


HDN  Reactions  of  Multiring  Aromatic 
(Heterocyclic)  Nitrogen  Constituents 

It  is  known  that  the  nitrogeneous  constituents  in 
shale  oil  are  of  the  nature  of  multiring  condensed  pyridine 
structures.  It  behooved  us,  therefore,  to  study  in  what 
respects,  if  any,  the  mechanism  of  HDN  is  altered  by  the 
addition  of  aromatic  rings  to  a  quinoline  nucleus.  Moreover, 
since  in  quinoline  HDN  hydrogenation  of  the  aromatic  ring 
appears  to  be  an  essential  preliminary  to  breaking  the  C-N 
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bond  in  a  subsequent  hydrogenolysis  reaction,  we  must  ask  how 
the  presence  of  additional  aromatic  rings  affects  the  rate  of 
overall  N- removal;  the  stoichiometry  of  hydrogen  uptake  must 
also  be  considered. 

Tables  I  and  II  provide  a  listing  of  the  results  we 
have  obtained  in  a  short  study  of  the  problems  presented 
above,  preliminary  to  undertaking  to  apply  the  results  to  our 
objective  of  designing  the  most  efficient  HDN  process  for 
refining  shale  oil . 

For  purposes  of  immediate  application  to  shale  oil, 
the  most  important  conclusions  derived  from  this  preliminary 
work  are  the  following: 

1)  As  with  quinoline,  total  nitrogen  removal  in 
multiring  condensed  heterocycled  amines  involves  hydrogenation 
of  the  aromatic  rings  followed  by  (an  often  slower)  process 

of  C-N  bond  scission. 

2)  With  multiring  substrates  of  this  nature  the  ring 
hydrogenation  occurs  more  rapidly  than  the  C-N  bond  scission 
reactions  leading  to  the  accumulation  of  considerable  concen¬ 
trations  of  hydrogenated  nitrogen-containing  species  in  the 
reaction  mixture. 

3)  The  overall  rates  of  N-removal  do  not  vary 
significantly  because  the  rates  of  C-N  bond  scission  in  these 
hydrogenated  species  are  quite  similar. 


4)  The  rates  of  these  reactions  would  appear  to 
be  somewhat  affected  by  steric  hindrance  to  adsorption 
caused  by  the  puckered  cyclohexane  rings  and  the  similarity 
of  rates  must  be  due  to  the  similarity  of  the  steric  effects. 

The  Significance  of  our  Preliminary  Study  Results  in 
Determining  our  Approach  to  the  Catalyst  Development 
Objectives 

As  summarized  above,  we  have  perceived  that,  aside 
from  an  increased  stoichiometric  requirement  for  hydrogen 
(uptake) ,  the  size  of  the  multiring  heterocyclic  components 
of  shale  oil  do  not  alter  the  network  character,  and  mechanism 
of  HDN  which  has  previously  been  elucidated  for  quinoline. 

Thus, the  reportedly  high  resistance  of  shale  oils  to  the  HDN 
process  with  sulfided, promoted, molybdic  oxide  catalysts  is 
not  necessarily  due  to  the  inherent  non-reactivity  of  its 
heterocyclic  nitrogen  constituents.  In  the  light  of  results 
obtained  in  our  preliminary  study,  the  rate-determining  steps 
in  the  HDN  of  such  species  must  be  related  to  difficulties  in 
hydrogenation  and  the  requirement  for  taking  up  a  large  amount 
of  hydrogen  prior  to  effecting  C-N  bond  breaking.  Consequently, 
the  hydrogenation  function  of  the  catalyst  becomes  the  most 
critical  one  to  consider  in  catalyst  design  and  development. 


In  this  connection  also  there  appears  to  be  still 
another  factor  to  consider.  Since  the  active  site  for  sulfided 
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molybdic  catalysts  (in  their  hydrogenation  function)  is  one 
in  which  the  central  molybdenum  (see  structure  2,  equation  (1)) 
must  coordinate  an  electron  donor  species,  (in  this  case  the 
pi  electrons  of  a  C=C  bond),  a  hydrogenation  poison  would  be 
one  which  could  preferentially  and  tenaciously  displace  the 
normal  hydrogenation  substrate.  Shale  oil,  like  all  other 
naturally  occurring  mixtures,  undoubtedly  is  rich  in  such 
potential  poisons  of  the  hydrogenation  function  of  the  common 
catalysts  used  and  this  could  be  the  reason  why  shale  oil 
appears  to  be  so  refractory  to  the  action  of  common  HDN 
reaction  conditions. 

In  view  of  these  considerations,  we  have  undertaken  the 
following  approaches: 

A)  If  the  poisoning  components  of  shale  oil  should 
prove  to  be  of  organic  nature,  we  would  try  to  subject  the 
shale  oil  to  a  preliminary  hydrogenation  experience.  We  would 
attempt  to  use  hydrogenation  catalysts  that  are  known  to  be 
quite  resistant  to  such  poisoning  even  though  they  did  not 
possess  hydrogenolysis  properties.  Some  candidate  hydrogenation 
catalysts  presently  being  tried  are  platinum  sulfide  on 
charcoal,  a  well-known  catalyst  for  reducing  aromatic  amines 
under  relatively  mild  conditions  and  known  to  be  resistant  to 
poisoning  by  sulfur  compounds  to  which  most  other  hydrogenation 
catalysts  (under  mild  conditions)  such  as  Raney  nickel  are 
highly  susceptible. 


m 
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B)  If  the  poisoning  components  of  shale  oil  should 
prove  to  be  of  largely  inorganic  nature,  such  as  (for  example) 
arsenic  and  antimony  complexes,  we  must  try  to  devise  a 
catalyst  support  or  carrier  which  would  be  most  effective  in 
sequestering  the  poisonous  components  and  prevent  their 
becoming  bound  to  the  active  site  for  hydrogenation.  As 
discussed  in  the  other  sections  of  this  report,  our  efforts 
in  this  direction  are  presently  in  progress. 


CONCLUSION 

There  are  no  conclusions  to  be  drawn  at  this  time, 
but  it  is  expected  that  when  preparing  the  final  report  for 
Part  II  there  will  be  important  conclusions  and  inferences 
to  present. 


TABLE  I 


STRUCTURE,  NOMENCLATURE  AND  BASICITY  OF  SELECTED 


NITROGEN- 

■CONTAINING  COMPOUNDS 

Compound 

Formula 

Structure 

pKa (H20) * 
298  K 

Pyridine 

c5h5n 

5.23 

quinoline 

c9h7n 

4.94 

acridine 

c13h9n 

5.60 

benz [c] acridine 

C17H11N 

C'SYo'e^? 

4.70 

benz [a] acridine  C17H11N 


3.45 


dibenz  [c,h] acridine  c21h13n 


^Estimated  from  inductive  and  steric  factors  influencing  (proton) 
basicity. 
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TABLE  II 


REACTIVITY  OF  SELECTED  NITROGEN-CONTAINING  COMPOUNDS 
TOWARD  HDN  CATALYZED  BY  SULFIDED  Ni-MoA-Al^O^ 


Reactant 


Time  Required 
for  100% 
Conversion 
of  Reactant, 
min 


Pseudo  First- 
Conversion  Order  Rate 

of  Total  Constant  for 

Organic  Total  Nitrogen 

Nitrogen  Removal,  cm-vg 

in  300  min,%  of  Catalyst* hr 


pyridine 

'*'15000 

quinoline 

145 

98 

3375 

acridine 

30 

91 

2160 

benz[c] acridine 

45 

69 

2058 

benz [a] acridine 

45 

67 

1451 

dibenz [c ,  h] acridine 

5 

100 

5063 

Reaction  conditions 
constant  for  total  i 

given  in  Table 
nitrogen  removal 

I,  pseudo  first- 
defined  by 

-order  rate 
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